SiC’s power cuts cost  by Telford, Mark
Silicon Carbide (SiC)M A R K E T A N A L Y S I S
III-Vs REVIEW THE ADVANCED SEMICONDUCTOR MAGAZINE VOL 16 - NO 8 - NOVEMBER 200344
SiC’s power cuts cost 
Recent electricity cuts in several countries
have highlighted the need for more effi-
cient, reliable switching, at a time when
defence-funded development of larger-area,
higher-quality silicon carbide wafers may
yield less costly high-power, high-frequen-
cy and high-temperature electronic compo-
nents for civil applications. 
Wide-bandgap semiconductors such as
III-nitrides and silicon carbide uniquely
enable opto- and microelectronic appli-
cations that gallium arsenide (GaAs) and
silicon (Si) cannot. But, with no large,
high-quality III-N substrates for homoepi-
taxial growth of nitride-based epilayers,
commercial short-wavelength blue LEDs
and lasers have been grown heteroepi-
taxially on sapphire, which has large area
at low cost but is electrically insulating
(disallowing electrical contacts) and has
a large lattice mismatch of 14.8% (lead-
ing to poor device quality).Yet hexago-
nal-phase 4H- and 6H-SiC substrates can
be made semiconducting and yield bet-
ter-performing devices, due to a smaller
lattice mismatch of 3.3% and higher ther-
mal conductivity. However, although
nearly all SiC wafers are consumed for
opto, their small size and high cost have
constrained take-up to about 25% of the
nitride opto market. Longer-term, there
may be a larger market in power elec-
tronics. Compared to silicon (see Table
1), SiC has large:
• energy bandgap (enabling lower leak-
age current from temperature-induced
intrinsic conduction);
• breakdown electric field, sustaining an
eight-fold larger voltage gradient,
enabling thinner active regions, lower on-
resistances and higher-voltage operation;
•thermal conductivity, sustaining four-
fold higher power densities than 
GaAs or Si;
•saturated electron drift velocity twice
that of silicon, for faster operating speed;
•bonding energy (between Si and C), giv-
ing high mechanical strength, chemical
inertness, and radiation resistance.
So, SiC can act as a substrate for het-
eroepitaxial GaN and homoepitaxial SiC
electronic devices operating under:
•high power (allowing fewer and smaller
devices, without transformers);
•high frequency (for RF/microwave
switching, needing fewer and smaller
passive components);
• high temperature (rather than silicon’s
200°C, without cooling equipment) and
other harsh environments, such as corro-
sive chemicals, mechanical loading (e.g.
in MEMS), and ionizing radiation (with-
out shielding).
An advantage is reduced system size,
weight and cost in applications such as
aerospace (radar and spacecraft), radia-
tion/temperature sensing, transport (e.g.
engine management), power genera-
tion/distribution, and communications.
However, several issues have slowed the
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Figure 1. Graph showing the trend of SiC substrate diameter and cost over time (courtesy of professor
Mark Johnson, University of Sheffield). 
Table 1. Monocrystalline SiC polytypes compared to GaAs and silicon. 
Properties 4H-SiC 6H-SiC 3C-SiC GaAs Si GaN
Bandgap (eV) 3.26 3.03 2.2 1.43 1.12 3.5  
Breakdown electric field 2.2x106 2.4x106 2x106 3x105 2.5x105
[V/cm (at 1kV)]
Thermal conductivity 4.9 4.9 4.9 0.5 1.5 1.3
(W/cm.K)
Saturated electron 
drift velocity [cm/s] 2.7x10 2.0x107 2.7x10 1.0x10  1.0x107 2.5x107
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development of SiC-based electronic
products.
1. Substrate supply and cost 
A barrier to reducing material costs for
SiC is the small number and size of sup-
pliers.About 85% of the substrate market
has been captured by Cree, which also
produces epiwafers and packaged
devices (in July it purchased a portfolio
of over 44 SiC epi, device and circuit
patents and patent applications for
power devices from Sweden-based  ABB
Research Ltd). Meanwhile, other SiC sub-
strate operations have been undergoing
transitions.
These include II-VI Inc (which in late
2001 acquired the former Litton Airtron’s
SiC activity from Northrop Grumman),
Finnish silicon wafer manufacturer
Okmetic (which initiated SiC research
with ABB and Linköping University in
‘93), SiCrystal (founded in 1996 in
Erlangen, Germany after a federally fund-
ed project), and Japan’s Nippon Steel and
Sixon (founded in July ‘98), while in May
‘02 Hoya Corp established Hoya
Advanced Semiconductor Technologies
which in Q3/’03 launched 2”- 6” 3C-SiC
substrates and epi.
Cree’s main rival Sterling
Semiconductor, founded in ‘96, acquired
ATMI’s SiC operations in ‘98 but was
itself acquired by Uniroyal Technology
Corp (UTC) in April 2000 for US$36m,
allowing a 10-fold expansion and accel-
erating epi and device development at
Uniroyal Optoelectronics’ LED plant in
Tampa, FL. But, as UTC hit trouble and
retrenched to LEDs, Sterling filed for
bankruptcy in August ‘02. However, in
January Sterling was picked up for
US$11.2m by Dow Corning (researching
3C-SiC epi on silicon since the late
‘90s), leading to September’s creation of
Dow Corning Compound
Semiconductor Solutions at its HQ in
Midland, MI (incorporating start-up GaN
Semiconductor from Sunnyvale, CA,
acquired late ‘02). Dow Corning promis-
es greater resources for “development of
large-diameter SiC boules and high-
growth-rate, large-thickness (20-100µm)
SiC and GaN epi”.
2. Wafer size 
Semiconducting SiC wafers for high-
power applications have been commer-
cially available at 2” and 3” for a few
years. But high-frequency devices need
semi-insulating (SI) substrates, until
recently generally available only at 2”.
Therefore, US DoD Title III programme
in 1999 began a US$7m SiC project with
three US$3m contracts awarded to Cree,
Sterling and Litton Airtron to develop
US production of high-Q electronic-
grade 3” substrates (targeting 1 micro
pipe/cm2 and greater than 50% cost
reduction).
The project is due to end in early ‘04,
after US$10.7m in funding. But, already,
prototype 3” high-purity semi-insulating
4H-SiC were made available by Cree at
the beginning of ‘03, for commercial
launch in late ‘03. In late August, II-VI’s
Wide Bandgap Materials Group won
US$843,000 in funding, through the US
Air Force Research Lab, for further devel-
opment of its Advanced Physical Vapor
Transport growth technique for 3” SI 
substrates.
Previously, in May ‘02, DARPA awarded
Sterling two-year contracts worth about
US$9m, administered by the USAF, to
develop not only improved 3” substrates
but also 4” SiC substrates, epitaxy and
devices. In fact, 4” wafers have already
been demonstrated by Cree, II-VI and
Nippon Steel.At this June’s 45th
Electronic Materials Conference, Cree
said that it had demonstrated the capabil-
ity to produce 4” SI 4H-SiC substrates.
These “can be run on current GaAs, and
other compound semiconductors,
100mm RF production equipment,”
reducing costs, emphasises Cree’s co-
founder and executive VP of Advanced
Devices, John Palmour.
3. Defect density 
High-power devices require larger-area
die size (>1cm2 for megawatt switching)
and therefore low-defect-density, large-
diameter wafers for higher yield. How
ever, commercial SiC has been limited
due to high density of defects (voids, dis-
locations, misoriented blocks, mosaicity,
strain, intrinsic point defects, and foreign
polytype inclusions). Voids include
micropipes (of 1-10µm diameter), which
are screw dislocations with an open core
that can propagate in the growth direc-
tion all the way to the surface, appearing
as a hole.These hence propagate into the
epilayer, causing inhomogeneity, low for-
ward current, and low manufacturing
yield.
The micropipe densities of commercial
SiC has been too large (10-100 micro
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Figure 2. Infineon's 600V Schottky diode. 
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pipes per cm2), allowing active areas of
just a few mm2 and few large devices on
a single wafer. For 2” wafers, micropipe
density in production can now be as low
as <5cm-2 (for a device area of 10mm2)
and, in research, 0.9cm-2 (and micropipe-
free over 35mm).
Defect densities are higher in larger SiC
wafers. Nevertheless, for 3” 4H-SiC SI sub-
strates, Cree has cut typical density to
35cm-2 (low enough for minimal impact
on the yield of typical RF power transis-
tors).The best R&D result is 3cm-2.
Epi growth cuts defects 
Micropipe channels can be closed by
growth of a thick (up to 100µm) epilay-
er, but this raises production cost. It can
be avoided by a micropipe filling
process developed at Maryland-based
TDI Inc (founded in ‘99 by a team from
Russia’s Ioffe Institute that worked with
Cree in the early ‘90s).This is based on
SiC growth inside micropipe channels,
then growth of an epilayer on top,
reducing micropipe density from
100cm-2 to <15cm-2 in 35 and 41mm
production wafers (and to <0.1cm-2 in
R&D wafers). For on-axis wafers, some
areas of about 1cm2 have no
micropipes. In September, after joint
development with Linköping University,
TDI showed a 1cm2 4H-SiC Schottky
diode chip fabricated to block 300V and
capable of forward currents up to 300A
(prototypes to follow in a few months).
At the end of July a US$2.67m ONR
small business Innovation research
phase III contract was awarded to Semi-
South Laboratories Inc (founded in ‘01)
to develop high quality merchant epi. In
October, SemiSouth reports collaborat-
ing with II-VI Inc to sample 2”4H-SiC
epiwafers, with layer structures up to
20µm thick for high power transistors
and rectifiers.
In July Bandgap Technologies Inc
(which began R&D with an ONR con-
tract in the Columbia Incubator
Programme at the University of South
Carolina in 2000/01) also said it had
developed a micropipe-blocking
process, which it presented at
October’s ICSCRM ‘03.This cuts density
From defence, to utility, to commercial applications 
Due to hesitant demand for high-vol-
ume commercial applications, gov-
ernment intervention has been need-
ed to fund SiC technology develop-
ment, driven by military/aerospace
and, increasingly, utility applications
(since using SiC in power diodes could
cut power consumption by 20%). 
The US government's DARPA agency
has two related programs: 
1 ‘Megawatt Solid-State Electronics’
focuses on compact, efficient switch-
es operating at 100-1000kW that can
handle high power densities and fre-
quencies, eg for sub-systems in
hybrid-electric combat vehicles, all-
electric control of aircraft, and ships. 
2.’Coordinated High-Power Solid-
State Electronics’ (DARPA/Electric
Power Research Institute) for switch-
ing at above 1MW, eg for efficient
transmission and high-quality distri-
bution of electricity, driven by
deregulation in the US. This empha-
sizes higher voltages, but relaxed
losses and switching speed, while
operating at over 250°C without liq-
uid cooling. 
To consolidate DARPA-funded pro-
grams to develop compact high-power
electronic devices, in October 2001 its
Microsystems Technology Office creat-
ed the Wide Bandgap Semiconductor
Technology Initiative. 
1. ‘Thrust I: RF/Microwave/Millimeter
-wave Technology.’ Goals include
demonstration of: (a) 4” semi-insulat-
ing low-micropipe-density substrates
and (b) epi material with better than
+1% composition, thickness and dop-
ing control (Phase I), (c) robust
RF/analogue devices with Ft >150GHz
(Phase II), (d) microwave and mm-
wave circuit demonstrations (3-
35GHz) and (e) high-power
(>1kW/cm2) electronic integration
assemblies (Phase III). 
2. ‘Thrust II: High Power Electronics’ to
establish devices for megawatt conver-
sion and switching transistors. Goals
include demonstration of: (a) conduct-
ing, low-defect (<1 micropipe/cm2 for
3”; <10 micropipe/cm2 for 4”) sub-
strates of 4H-SiC (since it has high criti-
cal field and mobility) and (b) thick epi
(100µm) with low (5x1014cm-2) doping
and <1.5 electrically active defects/cm2
on 3” SiC (Phase I); (c) 5kV and 50A
unipolar switches, (d) 15kV and 50A
bipolar switches and (e)150kHz switch-
ing and prototype circuits 
(Phase II, with stand-off voltages
>10kV, conduction currents >100A and
low on-state forward voltage drops);
and (f) integrated power control and
(g) high-voltage/power packaging
with >1kW/cm2 thermal dissipation
(Phase III). Ultimate programme goals
include <0.2 micropipes/cm2 for 3” and
<1 micropipes/cm2 for 4”, 150µm-thick
epi with 1014cm-2 doping, and <0.5
electrically active defects/cm2 on 3”
SiC. 
The two-year $40m Phase I focuses on
bulk growth for large-area, epi-ready
SI substrates and epi growth. 
About 75% of funding goes to indus-
try; 25% to universities and federal
labs. In July 2002 Cree was awarded
US$14.4m by the ONR for two 18-
month contracts ($8.8m as part of
Thrust I; $5.6m as part of Thrust II),
including developing uniform, thick
epi processes for devices with blocking
voltages of over 10kV and high-volt-
age SiC pin rectifiers and MOSFETs. 
With substrate developers required
to work with epi growers (who must
also perform device correlation
experiments), in October 2002 ATMI
was also awarded a $9.5m, 18-month
ONR contract to develop AlGaN/GaN
HEMT epi on 4” GaN and (from
Sterling) SiC substrates. 
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to 4cm-2 (or a consistently reproducible
50cm-2) for its 2” 6H-SiC bulk wafers
(which were first launched in
November 2001). Furthermore, after
expanding into a larger facility this
November, from January it will extend
the process to production of its 3” 6H-
and 4H-SiC wafers (which it first
demonstrated in December 2001).
From first products to
MMIC foundry 
The first commercial SiC components
were Schottky diodes (the simplest
process for manufacturing) and MESFET
RF transistors.
SiC’s higher Schottky barrier, electrical
breakdown field strength and thermal
conductivity result in low leakage cur-
rents, low on-resistance and high cur-
rent densities. Schottky diodes reach
blocking voltages of only 200V in sili-
con and 250V in GaAs but 300-3500V in
SiC, e.g. for reliable, compact, high-
power-density switched mode power
supplies (SMPS), the input stage of
which needs 500-600V. Lower switching
losses enable higher switching frequen-
cies without complex resonant switch-
ing circuits (which reduces the number,
size and cost of passive components in
systems).
In 2001 Infineon Technologies (through
its SiCed R&D lab) became the first
manufacturer of SiC Schottky diodes,
available at 300V (10A and 2x10A) and
600V (4A and 6A) in TO263 and TO220
packages.
This May it announced a collaboration
with Sweden’s Epigress (whose multi-
wafer VP2000HW SiC hot-wall planetary
reactors it uses) on the further develop-
ment of mass-production epi processes
to meet its cost reduction roadmap for
low-end, cost-driven applications.
The first 1200V diodes generally avail-
able appeared this February from Cree
(in collaboration with Microsemi).The
‘Zero Recovery’ devices in TO-220 (5A)
and TO-247 (10A) packages join its
300V and 600V range. In August
Advanced Power Technology agreed to
purchase Zero Recovery die, to be pack-
aged as multi-die parallel discrete
devices and sold under the APT brand
name for markets not served by Cree.
In October Japan’s Rohm also said it
will ship 600V SiC Schottky barrier
diodes next spring.
In the case of SiC MESFETs and GaN
HEMTs, their wide bandwidths enable a
single amplifier to cover not just L- and S-
band military applications such as radar
and jamming but also the entire 1.8 -2.2
GHz DCS/PCS/UMTS frequency band,
replacing 10 silicon LDMOS or GaAs tran-
sistors in wireless base-stations.
In July 2002 Cree received contracts
worth $26.5m over three years ($23.3m
from the ONR plus $3.2m added to an
existing Title III contract) to convert its
SiC MESFET-based MMIC process from 2”
to 3”wafers. Aims include improving the
yield and quality of 3”SI 4H-SiC substrates
and the uniformity of SiC epi. Tasks
include implementation of more automat-
ed wafer handling and statistical process
control. President and CEO Chuck
Swoboda says it will “significantly reduce
the cost of our SiC MESFET discrete prod-
ucts and future GaN HEMT products for
commercial applications.”
In June ‘02 Cree renamed its UltraRF sub-
sidiary Cree Microwave Inc, expanding
its product line from silicon LDMOS to
include packaged SiC devices, including a
48V, 10W, Class A SiC MESFET. That led to
Cree being first to offer wide-bandgap
SiC MMIC foundry services, based on its
3” 2nd-generation 10W Class A/B MESFET
process, which increases minimum gain
by more than 3dB.
This enables incorporation of integral
resistors, capacitors, and by -substrate
vias on a single RFIC, reducing parts
count.“This service will allow external
customers to design into our SiC MMIC
process using their own proprietary cir-
cuit designs and architectures,” said Jim
Milligan, manager of wide bandgap
microwave products.
However, SiC components do not offer
chip-for-chip replacement of silicon in
systems, which must be redesigned.
So, while SiC components should drop
in cost due to increased competition,
SiC technology may take years to trick-
le down from low-volume, high value
military applications to compete with si
and GaAs for higher-volume, lower-
value commercial applications.
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Russian SiC projects 
Established as a weapons non-prolif-
eration programme, the International
Science and Technology Center links
scientists from the Commonwealth of
Independent States to international
partnerships, fundamental research,
innovation and commercialization. 
Its Project 0204 “Silicon Carbide Semi -
conductors,” funded St Petersburg
Electrotechnical University (SPETU),
together with St Petersburg’s Physical
and Technical Institute of Silicon-
Carbide Structure (FTIKKS), to develop
electronic materials and sensors capa-
ble of operating beyond the 150°C,
fluence of 1014n/cm2 and total dose of
several Mrad of silicon-based elec-
tronics to the 650°C, 1016n/cm2 and
several hundred Mrad of SiC electron-
ics, involving improving the modified
sublimation growth technique.
Funding has allowed collaboration
between Sweden's University of
Linköping, Germany's Siemens,
Finland's Okmetic, and USA's Sandia
National Laboratories. 
Approved but not yet funded is
Project 1162 “SiC Production” (for
Power FETs and Other Radiation-
Hardened Electronics) will develop
modified sublimation for 3” 6H- and
4H-SiC wafers for new-generation
devices (eg Vertical Junction FETs)
and the growth of 3” SiC substrates
and epi.  The project will also devel-
op 4" crystal growth.
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